Purpose The purpose of this report is to describe, for the first time, the pharmacokinetics of dacarbazine (DTIC) and its metabolites [5-[3-methyl-triazen-1-yl]-imidazole-4-carboxamide (MTIC), 5-[3-hydroxymethyl-3-methyl-triazen-1-yl]-imidazole-4-carboxamide (HMMTIC) and 5-aminoimidazole-4-carboxamide (AIC)] during pregnancy (n = 2) and postpartum (n = 1). Methods Non-compartmental DTIC, MTIC, HMMTIC, and AIC pharmacokinetics (PK) were estimated in one case at 29 week gestation and 18 day postpartum and a second case at 32 week gestation, in women receiving DTIC in combination with doxorubicin, bleomycin, and vinblastine for treatment of Hodgkin's lymphoma. Drug concentrations were measured by HPLC. Results In the subject who completed both pregnancy and postpartum study days, DTIC area under the concentration-time curve (AUC) was 27% higher and metabolite AUCs were lower by 27% for HMMTIC, 38% for MTIC, and 83% of AIC during pregnancy compared to postpartum. At 7 and 9 year follow-up, both subjects were in remission of their Hodgkin's lymphoma. Conclusions Based on these two case reports, pregnancy appears to decrease the metabolism of the pro-drug dacarbazine, likely through inhibition of CYP1A2 activity. Lower concentrations of active metabolites and decreased efficacy may result, although both these subjects experienced long-term remission of their Hodgkin's lymphoma.
Introduction
Dacarbazine (DTIC) has been used in combination with doxorubicin, bleomycin, and vinblastine for treatment of malignancies including Hodgkin's lymphoma. Lymphoma occurs in approximately 1 in 1000 to 1 in 6000 pregnancies [1] . It is the fourth most common malignancy in pregnancy, with Hodgkin's lymphoma being more common than nonHodgkin's lymphoma [2] [3] [4] [5] . DTIC, an inactive pro-drug, is converted to 5-[3-hydroxymethyl-3-methyl-triazen-1-yl]-imidazole-4-carboxamide (HMMTIC) primarily by CYP1A2 (and CYP1A1 in some tumors). CYP2E1 is also involved when CYP1A2 activity is very low. HMMTIC is chemically unstable and breaks down to 5-[3-methyl-triazen-1-yl]-imidazole-4-carboxamide (MTIC). Both HMMTIC and MTIC are reactive metabolites [6] . MTIC is relatively unstable and rapidly breaks down into 5-aminoimidazole-4-carboxamide (AIC), and diazomethane hydroxide, an active methylating compound. The exact mechanisms of action of dacarbazine's active metabolites are unknown, 1 3 but they appear to act through inhibition of DNA synthesis as purine analogs as well as alkylating agents. In nonpregnant patients, dacarbazine has been reported to have a 41-110 min half-life, 1080 mL/min clearance, 350-700 mL/ min renal clearance, minimal plasma protein binding, and 40% excretion unchanged in the urine [7] [8] [9] [10] [11] . The pharmacokinetics of dacarbazine have not been previously studied during pregnancy. The purpose of this study is to report the pharmacokinetics of dacarbazine and its metabolites in two pregnant women.
Materials and methods
The study was conducted at the University of Washington and Swedish Medical Center. The protocol was approved by the institutional review boards at each site and conducted in accordance with their guidelines. All subjects gave written informed consent.
Patients
Subjects were eligible to participate if they were pregnant, ≥ 18 years of age, hematocrit ≥ 28%, and receiving dacarbazine for therapeutic purposes. Subjects received cycles of intravenous dacarbazine as part of combination chemotherapy during their clinical care (Table 1) , with infusions lasting 25-42 min (375 mg/m 2 ). Blood and urine samples were collected during one treatment episode per subject in late pregnancy (n = 2; at 29 and 32.3 week gestation) as well as postpartum (n = 1; at 2.6 weeks).
Sample collection and pharmacokinetic analysis
Following the initiation of dacarbazine infusion, serial venous blood samples were collected at 0, 0.3, 0.8, 1.5, 2, 3, 4, 6, 8, 10, and 12 h. Urine was collected for 24 h to determine creatinine clearance. Both subjects had their pregnancy studies on the fourth cycle of chemotherapy, after the first dose. MTIC, HMMTIC, and DTIC were measured in plasma using a reverse phase HPLC assay [12] . Briefly, plasma proteins were precipitated by the addition of 800 μL of ice-cold methanol to 400 μL of plasma. Samples were mixed for 30 s and placed in an ice bath for 5 min. Samples were centrifuged for 3 min at 14,000 rpm and 4 °C. Fifty microliters aliquots of supernatant were diluted 1:1 with 50 mM (NH 4 ) 2 HPO 4 buffer (pH 6.5) in autosampler vials and placed in a chilled autosampler (4 °C) for analysis. Chromatographic separation was achieved with a Zorbax Stablebond-Cyano (150 × 4.6 mm i.d., 5 μm particle size) analytical column (Mac-Mod Analytical, Chadds Ford, PA) with the flow rate at 1 mL/min and UV absorbance monitored at 318 nm. The mobile phase consisted of 20% methanol, 80% 50 mM (NH 4 ) 2 HPO 4 buffer, and 0.1% triethylamine (TEA). Plasma samples were stored at − 80 °C until analysis. The pharmacokinetic parameters were estimated utilizing standard non-compartmental techniques as previously described [13, 14] .
Results
Two pregnant women with Hodgkin's lymphoma were recruited for this study. One subject also completed a study 2.6 week postpartum. Their demographics included ages: 31 and 34 years, race: White, body weights: 74.5 and 81.3 kg (pregnancy) and 69 kg (postpartum), body surface areas: 1.8 and 1.9 m 2 , dacarbazine doses: 630 and 680 mg IV, creatinine clearances 178 and 265 mL/min (pregnancy), and 155 mL/min (postpartum).
The first subject was a 31-year-old gravida 2 para 1 woman who presented with enlarged supraclavicular nodes at 10 week gestation. After negative fine needle aspiration, excisional biopsy of the supraclavicular nodes led to a diagnosis of nodular sclerosing Hodgkin's lymphoma. Neck and chest computerized tomography (CT) scan revealed supraclavicular, mediastinal, and paratracheal lymphadenopathy. Magnetic resonance imaging (MRI) studies showed no adenopathy below the diaphragm. A persistent cough and right lower lobe consolidation was unsuccessfully treated with amoxicillin clavulanate. Subsequent bronchoscopy, lung and bone-marrow biopsies confirmed Stage IV disease. After oncology and maternal-fetal medicine consultations, doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) treatment were begun at 17 week gestation. Treatment proceeded at full dose for five cycles (chemotherapy on days 1 and 15 of each 28 days) during the remainder of pregnancy plus one cycle postpartum. The second subject was a 34-year-old gravida 2 para 1 woman who sought medical attention for enlarged cervical nodes at 15 week gestation. An ultrasound examination demonstrated bilateral neck adenopathy and a biopsy provided a diagnosis of nodular sclerosing Hodgkin's lymphoma. Chest X-ray showed paratracheal and hilar adenopathy and abdominal ultrasound was negative for lesions. MRI confirmed that the disease was confined to above the diaphragm. The subject consulted with an oncologist and maternal fetal medicine specialist before beginning ABVD chemotherapy at 20 week gestation for Stage IIA disease. The subject received five cycles of treatment during pregnancy. Figure 1 depicts subject 1's concentration-time profiles for DTIC (Fig. 1a) , HMMTIC (Fig. 1b) , MTIC (Fig. 1c) , and AIC (Fig. 1d ) during pregnancy and postpartum. For subject 1, DTIC area under the concentration-time curve (AUC) was 27% higher (15.12 vs 11.87 μg h/mL), peak concentration was 37% higher (11.65 vs 8.53 μg/mL), halflife was 22% longer (1.1 vs 0.9 h), and renal clearance was 46% higher (402 vs 276 mL/min) during pregnancy compared to postpartum. In addition, for subject 1, DTIC clearance was 22% slower (694 vs 885 mL/min) and volume of distribution at steady state was 8% smaller (68 vs 74 L) during pregnancy compared to postpartum. Subject 2 DTIC PK parameters were similar to the first subject's parameters during pregnancy (half-life 1.3 h, renal clearance 383 mL/min, total clearance 800 mL/min, and volume of distribution at steady state 82 L).
The first subject's HMMTIC AUC was 27% lower (0.24 vs 0.33 μg h/mL), half-life was 102% longer (1.1 vs 0.5 h), and HMMTIC/DTIC AUC metabolic ratio corrected for molecular weight was 44% lower (1.4 vs 2.5%) during pregnancy compared to postpartum. Subject 2's HMM-TIC PK parameters during pregnancy were 0.13 μg h/mL, 0.66 h and 0.9% for AUC, half-life and HMMTIC/DTIC AUC metabolic ratio, respectively. Subject 1's MTIC AUC was 38% lower (1.3 vs 2.0 μg h/ mL), half-life was 111% longer (1.7 vs 0.8 h), and MTIC/ DTIC AUC metabolic ratio corrected for molecular weight was 51% lower (9.0 vs 18.2%) during pregnancy compared to postpartum. Subject 2's MTIC PK parameters during pregnancy were 2.12 μg h/mL, 1.27 h and 16.2%, for AUC, half-life, and MTIC/DTIC AUC metabolic ratio, respectively. Subject 1's AIC AUC was 83% lower (3.65 vs 21.19 μg h/mL), AIC/DTIC AUC metabolic ratio corrected for molecular weight was 87% lower (35 vs 258%), and there was no change in half-life (1.2 vs 1.2 h) during pregnancy compared to postpartum. Subject 2's AIC PK parameters during pregnancy were 3.56 μg h/mL, 1.56 h and 36.3%, for AUC, half-life and AIC/DTIC AUC metabolic ratio, respectively. 
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Subject 1 tolerated dacarbazine treatment well. She did not experience chemotherapy-associated neutropenia, liver impairment, or urinary dysfunction (despite pre-existing left renal agenesis). Her pregnancy was complicated by mild anemia and vaginal bleeding which resolved spontaneously. The pregnancy implanted in the left horn of a bicornuate uterus, but fetal growth proceeded normally. She entered spontaneous labor at 37 weeks and delivered a healthy female infant weighing 2580 g by repeat cesarean delivery after an unsuccessful trial of labor. The baby's Apgar scores were 7 and 9 at 1 and 5 min, respectively. Delivery was complicated by a postpartum hemorrhage treated with uterotonics and two units of packed red blood cells to replace the estimated 1500 mL of blood loss. Positron emission tomography (PET) scan on postpartum day 1 showed that the subject was in remission and chemotherapy was resumed postpartum for one additional cycle. Her chest X-ray 5 month postpartum showed no masses and CT scans of the chest, abdomen, and pelvis 2 year postpartum were negative. However, PET and CT scans of the chest 2.5 year postpartum showed new mediastinal adenopathy sarcoidosis, which was confirmed on biopsy and subsequently resolved. Nine years after delivery, the subject remained in remission and the child was healthy. Subject 2's adverse effects from chemotherapy included anorexia, alopecia, and fatigue. Anemia was attributed to her pregnancy and treated with oral iron, but intravenous iron was required with the second chemotherapy cycle. After a dose of intravenous iron with cycle 3, she experienced fever, hypotension, and tachycardia, which was managed with intravenous fluids, intravenous steroids and overnight hospital observation. No further intravenous iron was given during pregnancy, but she continued to have a similar reaction and treatment after subsequent chemotherapeutic doses. She experienced no chemotherapy-associated neutropenia, liver impairment, or dose delays. She developed spontaneous labor at 38 week gestation after the fifth cycle of chemotherapy and delivered a female infant vaginally, weighing 3864 g. The baby's Apgar scores were 8 and 9 at 1 and 5 min, respectively. The subject resumed chemotherapy 2 week postpartum for the sixth and final cycle. Subsequent PET and CT scanning showed no evidence of disease. She elected to receive consolidative radiation therapy after completion of chemotherapy. Seven years after delivery the subject remained in remission and the child was healthy.
Discussion
Treatment of Hodgkin's lymphoma typically includes chemotherapy alone or chemotherapy followed by consolidation radiation therapy [15, 16] . In general, malignancies are treated during pregnancy if the mother's condition will be compromised by delaying treatment until after delivery. Malignancy stage and location, patient's condition and disease progression rate are taken into account when determining whether to proceed with chemotherapy during pregnancy. If chemotherapy is indicated, it is usually delayed until the second or third trimesters of pregnancy, if possible, to minimize the fetal risks. Optimization of the treatment approach for Hodgkin's lymphoma during pregnancy has not been well studied. Published data are limited to case series and anecdotal reports. Combination ABVD chemotherapy is typically used for treatment of Hodgkin's lymphoma during pregnancy and was utilized as described in the two cases reported here [17, 18] . The pharmacokinetics of most chemotherapeutic agents have not been studied during pregnancy. We have previously described the pharmacokinetics of doxorubicin during pregnancy [19] . This is the first report on the pharmacokinetics of dacarbazine and its metabolites during pregnancy.
DTIC is metabolized to HMMTIC, primarily by CYP1A2, with CYP2E1 and CYP1A1 being the secondary pathways. Pregnancy decreases the activity of CYP1A2 and increases the activity of CYP2E1 [20, 21] . CYP1A2 activity is reported to decrease by 33, 48, and 65% in early-, mid-, and late pregnancy, respectively. Given that CYP1A2 is the primary pathway for DTIC metabolism, it is not surprising that pregnancy decreased the metabolism of DTIC [6] , and thereby increased its AUC by 27% (Fig. 1a) . This inhibition of CYP1A2 activity during pregnancy also resulted in lower exposure to DTIC's metabolites, those being HMM-TIC (27% lower), MTIC (38% lower), and AIC (83% lower) (Fig. 1b-d) . HMMTIC is chemically unstable. With the elimination of formaldehyde, HMMTIC becomes MTIC. MTIC is also chemically unstable and breaks down into AIC and diazomethane hydroxide [6] . AIC and diazomethane hydroxide are renally eliminated. Renal filtration increases on average by approximately 50-60% over baseline during pregnancy [22, 23] . This is consistent with the 71% increase in creatinine clearance seen in the first subject reported here. With lower concentrations of MTIC during pregnancy and increased renal filtration, AIC concentrations were lower and diazomethane hydroxide concentrations would also be expected to be lower during pregnancy. Neither of the subjects were receiving inducers or inhibitors of CYP1A2.
DTIC is a pro-drug, which lacks chemotherapeutic activity [6, 24, 25] . Therefore, the higher DTIC concentrations during pregnancy are not expected to increase the chemotherapeutic effect. HMMTIC and MTIC are reactive metabolites with some chemotherapeutic activity [6] . The lower concentrations of these metabolites during pregnancy might lower the therapeutic efficacy of DTIC. AIC does not have chemotherapeutic activity, so its lower concentrations during pregnancy will not affect efficacy. Diazomethane hydroxide separates into molecular nitrogen and a methyl cation, which binds to DNA and is the main DNA methylating metabolite of DTIC [6, 24, 25] . Diazomethane hydroxide concentrations were not quantified in this study, but as described above were likely lower during pregnancy and potentially decreased DTIC efficacy. Despite the lower concentrations of the active metabolites of DTIC during pregnancy, both subjects in this study successfully achieved long-term remission of their Hodgkin's lymphoma (9 and 7 year follow-up) following treatment with combination ABVD chemotherapy.
Higher concentrations of DTIC during pregnancy, although not expected to enhance efficacy, could potentially increase other maternal and fetal adverse effects. Subject 2 did experience adverse reactions to her chemotherapy, but it is unclear whether this was related to her DTIC, since she also was receiving doxorubicin, bleomycin and vinblastine. Some of the effects could also be attributed to her pregnancy. Our previous work suggested that doxorubicin clearance was deceased during pregnancy, leading to higher concentrations and potentially increased risk of side effects [19] . We are unable to locate any published reports on bleomycin or vinblastine pharmacokinetics during pregnancy.
In summary, we report for the first time the pharmacokinetics of dacarbazine and its metabolites during pregnancy (n = 2) and in the early postpartum period (n = 1). Based on these case reports, it appears as though pregnancy increases the concentrations of dacarbazine and decreases the concentrations of its metabolites. Although the active metabolite concentrations were lower during pregnancy, both women experience long-term remission of their Hodgkin's lymphoma.
